Eukaryotic cells activate the S-phase checkpoint in response to a variety of events affecting the progression of replication forks, collectively referred to as replication stress. This signaling pathway is divided in two branches: the DNA damage checkpoint (DDC) and the DNA replication checkpoint (DRC). Both pathways are activated by the sensor kinase Mec1 and converge on the effector kinase Rad53. However, the DDC operates throughout the cell cycle and depends on the checkpoint mediator Rad9 to activate Rad53, whereas the DRC is specific to S phase and is mediated by Mrc1 and other fork components to signal replication impediments. In this review, we summarize current knowledge on these two pathways, with a focus on the budding yeast Saccharomyces cerevisiae, in which many important aspects of the replication stress response were discovered. We also discuss the differences and similarities between DDC and DRC and speculate on how these pathways cooperate to ensure the complete and faithful duplication of the yeast genome under various replication stress conditions.
INTRODUCTION
Cells have evolved a surveillance mechanism called the DNA damage checkpoint (DDC) to endure the assault of exogenous and endogenous forms of DNA damage throughout the cell cycle (Ciccia and Elledge 2010) . This checkpoint pathway monitors the successful completion of cellular events involved in DNA metabolism, maintaining genome integrity through cell divisions. Its function peaks during S phase, when the genome is particularly exposed during DNA replication. The replication process is executed by a large number of replisomes, which travel along the chromosomes to unwind and replicate genomic DNA (Masai et al. 2010) . During their progression, replisomes have to cope with DNA lesions, tightly bound protein complexes, secondary DNA structures, programmed replication pause sites and other biological activities such as transcription, which operate on the same DNA template and can interfere with DNA synthesis (Aguilera and Garcia-Muse 2013; Zeman and Cimprich 2014) . Extensive work in budding yeast and in other organisms has revealed the existence of a surveillance pathway called the DNA replication checkpoint (DRC) that is distinct from the DNA damage checkpoint and specifically signals arrested replication forks (Branzei and Foiani 2007; Tourriere and Pasero 2007) . In S phase, the DDC and the DRC represent the two branches of the S-phase checkpoint, also known as the intra-S checkpoint.
Replication fork arrest can be artificially induced with a variety of genotoxic agents such as hydroxyurea (HU), ultraviolet light, ionizing irradiation, methyl methanesulfonate (MMS), camptothecin and inter-strand crosslinking agents such as mitomycin C. These agents induce fork arrest or collapse at a much higher rate than endogenous lesions and have been instrumental to characterize the mechanisms of checkpoint activation at the molecular level. In budding yeast, the activation of the DDC and the DRC is initiated by the sensor kinase Mec1 and converge on the effector kinase Rad53 (Fig. 1 ). These checkpoint pathways differ on the mediator that is used to transduce the signal from Mec1 to Rad53. Once activated, these kinases target multiple biological processes, including the repression of latefiring replication origins, cell cycle progression, the production of deoxynucleotide triphosphates (dNTPs), the transcription of DNA damage response genes and finally the functional integrity and restart of stalled or damaged replication forks.
In this review, we address the mechanisms of checkpoint activation at arrested forks, with an emphasis on the role of two checkpoint mediators, Rad9 and Mrc1, in the activation of the DDC and the DRC, respectively. We discuss recent evidence showing that although Rad9 behaves as a bona fide adaptor between Mec1 and Rad53, the mechanism by which Mrc1 activates Rad53 is less clear and requires the cooperation of multiple replisome components. Finally, we address the functional differences and similarities of the DDC and the DRC and discuss how they cooperate to ensure the faithful duplication of the yeast genome after a replicative stress.
ACTIVATION OF THE S-PHASE CHECKPOINT
At the top of the DNA damage checkpoint signaling cascade are Tel1 and Mec1 sensors, two members of the phosphoinositide 3-kinase-related kinases (PIKK) family that are related to mammalian ATM (ataxia-telangiectasia mutated) and ATR (ATM-and Rad3-related), respectively (see Table 1 ). Tel1 is principally recruited and activated at DNA double-strand breaks (DSB) by the MRX complex (Mre11-Rad50-Xrs2) and triggers the classical DDC in the G 2 phase of the cell cycle. The DDC can also be activated during S phase by Mec1, which is recruited to single-strand DNA (ssDNA) coated by the RPA complex (Rfa1-Rfa2-Rfa3). Mec1 is also recruited to RPA-coated ssDNA at arrested forks to trigger the DRC, which is specific to the S phase and is distinct from the DDC (see below). Since MRX is also recruited to stalled replication forks (Tittel-Elmer et al. 2009 Tsang et al. 2014) , it is not excluded that Tel1 could act redundantly to Mec1 to activate the S-phase checkpoint.
Although RPA-coated ssDNA is necessary to recruit Mec1 through its binding partner Ddc2 (Rouse and Jackson 2002; Zou and Elledge 2003) , it is not sufficient to activate Mec1. Indeed, Mec1 activation depends on additional factors that bind ssDNAdsDNA junctions (Figs 1 and 2) . These include the 9-1-1 complex (composed of Ddc1, Mec3 and Rad17 in budding yeast), the replication factor Dpb11 and the DNA helicase/nuclease Dna2. The 9-1-1 complex, structurally related to the replication sliding clamp PCNA, is loaded by the RFC Rad24 complex near the 5 junction between RPA-bound ssDNA and dsDNA (Majka and Burgers 2003; Furuya et al. 2004) . At replication forks, these junctions are naturally found at Okazaki fragments and can be actively created by repriming during leading strand synthesis (Fig. 2) . The Ddc1 subunit of the 9-1-1 complex activates Mec1 (Majka, Niedziela-Majka and Burgers 2006; Navadgi-Patil and Burgers 2009) . It is in turn phosphorylated by Mec1, which allows the recruitment of Dpb11 (Puddu et al. 2008) , an essential factor also required for replication initiation (Mordes, Nam and Cortez 2008; Navadgi-Patil and Burgers 2008) . Finally, Mec1 activation also depends on Dna2, a factor involved in the maturation of lagging strand DNA synthesis (Kumar and Burgers 2013) . Altogether, Ddc1, Dpb11 and Dna2 initiate the S-phase checkpoint signaling by activating Mec1 in a partially redundant manner (Fig. 2 ) (Kumar and Burgers 2013; Wanrooij et al. 2016) .
AMPLIFICATION OF THE CHECKPOINT SIGNAL
The checkpoint signal initiated by the recruitment of Mec1 to RPA-coated ssDNA needs to be amplified in order to reach its cellular targets. To this end, the signal is transduced to the effector kinases Rad53 and Chk1, which are transiently recruited to the sites of DNA damage and then released to amplify the checkpoint response throughout the nucleus (Sanchez et al. 1996 (Sanchez et al. , 1999 . It is worth noting that the yeast Chk1 plays only a minor role in the S-phase checkpoint and differs from mammalian CHK1, which is considered as the functional analogue of Rad53 (see Table 1 ).
Amplification of the DDC at DNA lesions
In the DDC branch of the S-phase checkpoint, the activation of Rad53 by Mec1 depends on a mediator protein called Rad9, which is the best-characterized checkpoint mediator in budding yeast (Fig. 2 ). Rad9 acts both as an adaptor between Mec1 and Rad53 and as a scaffold to promote the autophosphorylation of Rad53 (Weinert and Hartwell 1988; Gilbert, Green and Lowndes 2001; Sweeney et al. 2005) . It is recruited to chromatin through its interactions with the histone H3 methylated on lysine 79 by Dot1 (Giannattasio et al. 2005; Wysocki et al. 2005; Toh et al. 2006; Grenon et al. 2007 ) and the histone H2A phosphorylated on serine 129 (γ -H2A) by Mec1/Tel1 (Downs, Lowndes and Jackson 2000; Lee et al. 2014) . Moreover, Rad9 binds the Mec1 activator Dpb11 once Rad9 is modified by the cyclin-dependent kinase (CDK) Cdc28. This likely stabilizes Rad9 at the sites of DNA damage (Pfander and Diffley 2011) . Since Dpb11 is recruited through its interaction with the 9-1-1 complex, Rad9 is probably also recruited to stalled forks at ssDNA-dsDNA junctions close to DNA lesions ( Fig. 2) . Once bound to chromatin, Rad9 is phosphorylated by Mec1 and can then recruit Rad53, favor its phosphorylation by Mec1 and stimulate its autophosphorylation, leading to the full activation of Rad53 and the amplification of the checkpoint signal (Emili 1998; Gilbert, Green and Lowndes 2001; Sweeney et al. 2005; Ma et al. 2006) . Interestingly, Mec1 has been shown to phosphorylate Rtt107 and Slx4 in response to DNA damage (Rouse 2004; Chin et al. 2006; Roberts et al. 2006; Zappulla et al. 2006) . Recent studies uncovered an unanticipated role for Rtt107-Slx4 in modulating the DDC signaling. Rtt107 and Slx4 interact together in the absence of DNA damage (Roberts et al. 2006 ) and Rtt107-Slx4 are recruited to chromatin following DNA damage by binding to γ -H2A (Williams et al. 2010; Li et al. 2012; Balint et al. 2015) . Slx4 is also able to bind the Mec1 activator Dpb11 independently of Rtt107 and this interaction is dependent on the phosphorylation of Slx4 by Cdc28 (Ohouo et al. 2013; Gritenaite et al. 2014) . Because the interactions of γ -H2A and Dpb11 with Rad9 and Rtt107/Slx4 are mutually exclusive, it has been proposed that Rtt107-Slx4 counteracts the binding of Rad9 at sites of DNA damage and thereby prevents further Rad53 activation and signaling (Ohouo et al. 2013; Cussiol et al. 2015) . This mechanism has been named checkpoint dampening and may promote DNA repair as Rad9 and Rad53 signaling inhibits DNA end resection, a prerequisite for the repair by homologous recombination (HR; details in the next sections).
Amplification of the DRC at arrested forks
When the progression of replication forks is impeded, the stress signal is transduced from Mec1 to Rad53 through the DRC branch of the S-phase checkpoint. This requires a critical number of arrested replication forks, defining an activation threshold for the DRC (Duncker 2002; Shimada, Pasero and Gasser 2002; Vaze et al. 2002; Tercero, Longhese and Diffley 2003) . In this pathway, Rad53 activation is not mediated by Rad9 but by another mediator called Mrc1, which is phosphorylated by Mec1 (Alcasabas et al. 2001; Tanaka and Russell 2001; Osborn and Elledge 2003; Chen and Zhou 2009) . Phosphorylated Mrc1 interacts with the FHA domain of Rad53 to promote its activation (Tanaka and Russell 2004; Smolka et al. 2006; Xu, Davenport and Kelly 2006) . Mrc1 is also a replisome component as it travels with replication forks (Katou et al. 2003) and interacts with both DNA polymerase ε and Mcm6 (Lou et al. 2008; Komata et al. 2009 ). Mrc1 also forms a fork protection complex (FPC) together with Tof1 and Csm3. The FPC fulfills a structural role that is required for normal replication fork progression but is distinct from the checkpoint function of Mrc1 (Calzada et al. 2005; Szyjka, Viggiani and Aparicio 2005; Tourriere et al. 2005; Bando et al. 2009 ).
Intriguingly, Rad53 activation at replication forks also requires the presence of an alternative RFC complex, called RFC Ctf18 . In this complex, the large subunit Rfc1 of RFC is replaced with Ctf18, Dcc1 and Ctf8 (Crabbe et al. 2010; Gellon et al. 2011; Kubota et al. 2011; Garcia-Rodriguez et al. 2015) . The RFC Ctf18 complex also interacts with the DNA polymerase ε and is a loader/unloader of PCNA at ssDNA-dsDNA junctions (Bermudez et al. 2003; Bylund and Burgers 2005; Garcia-Rodriguez et al. 2015) . However, evidence for a physical interaction between Ctf18 and Rad53 is lacking. The mechanism by which Mrc1 and Ctf18 bring Rad53 to Mec1 for its activation therefore remains unclear.
Another important player of DRC response that emerged these past years is the Sgs1 DNA helicase. Sgs1 interacts with both RPA and Dna2 and is thought to be constitutively associated with replications forks (Cobb et al. 2003; Cejka et al. 2010; Hegnauer et al. 2012) . Sgs1 is also phosphorylated in a Mec1-dependent manner and this phosphorylation allows Sgs1 to bind Rad53 (Fig. 2) (Bjergbaek et al. 2005; Hegnauer et al. 2012) . Moreover, Sgs1 and Mrc1 act in the same pathway for Rad53 activation, suggesting that Sgs1 could recruit Rad53 to stalled forks and allow Mrc1 to promote Rad53 activation (Fig. 2) . Finally, a recent work proposed that the MCM replicative helicase, which interacts physically with Mrc1, operates a conformational change to allow Rad53 activation (Tsai et al. 2015) . Thus, a complex interplay between multiple replisome components is required to promote Rad53 activation at stressed forks.
CHECKPOINT TARGETS: ESSENTIAL AND NON-ESSENTIAL FUNCTIONS OF THE S-PHASE CHECKPOINT
Tel1 and Mec1 are not only sensor kinases but also act as effectors of the S-phase checkpoint by phosphorylating numerous proteins, including DNA repair factors and replisome components (see below). Together with Rad53 and Chk1, these kinases act on a variety of biological processes that are listed below (see also Fig. 1 ).
Repression of late-firing replication origins
The genome of Saccharomyces cerevisiae contains ∼500 replication origins that are activated sequentially throughout the length of the S phase (Raghuraman et al. 2001; Crabbe et al. 2010) . In the presence of HU or MMS, the activation of the S-phase checkpoint leads to a rapid inhibition of DNA synthesis (Santocanale and Diffley 1998; Shirahige et al. 1998; Tercero and Diffley 2001) . This is achieved by the phosphorylation and the inactivation of two initiation factors Sld2 and Dbf4 by the Rad53 kinase (LopezMosqueda et al. 2010; Zegerman and Diffley 2010) . This transient repression of origin firing prevents the replication of damaged templates and preserves backup origins from which to resume replication once the replication stress is relieved. In mammalian cells, it has been proposed that the repression of late-firing origins also prevents the exhaustion of RPA, which is required to prevent fork collapse (Toledo et al. 2013) . However, genetic evidence using a separation-of-function mutant of Mec1 indicates that the repression of late-firing origins is not an essential function of the S-phase checkpoint (Tercero, Longhese and Diffley 2003) .
Cell cycle arrest
The classical role of checkpoints is to delay the cell cycle progression upon detection of problems with DNA transactions. In metazoans and in the fission yeast Schizosaccharomyces pombe, this is done by inhibiting the CDKs, which control transitions between cell cycle phases. However, S. cerevisiae cells do not target the Cdc28 CDK in response to replication defects (Sorger and Murray 1992) . Instead, they inhibit entry into mitosis at multiple levels to ensure that chromosome segregation does not occur in the presence of damaged DNA. In particular, the Mec1 kinase inhibits the metaphase-anaphase transition by stabilizing the securin Pds1, which is required for the maintenance of sister-chromatid cohesion and the regulation of spindle elongation (Clarke et al. 2001; Zhou et al. 2016) . Anaphase entry is also prevented by the inhibition of the mitotic exit network by Rad53 (Hu et al. 2001; Zhou et al. 2016) . Delaying mitosis does not suppress the hypersensitivity of mec1 and rad53 mutants to DNA damage in S phase (Tercero, Longhese and Diffley 2003; LopezMosqueda et al. 2010; Zegerman and Diffley 2010) , showing that this checkpoint function is not essential for cell viability in response to DNA damage.
Induction of DNA damage response genes
Besides RNR genes, activation of the DDC during S phase induces the expression of DNA repair genes and maintains the expression of genes required for DNA replication (Allen et al. 1994; Gasch et al. 2001; de Bruin and Wittenberg 2009 ). This upregulation depends in part on the inhibition of Crt1 by Dun1 (Huang, Zhou and Elledge 1998) . Moreover, genes expressed at the G 1 /S transition in an MBF-dependent manner are upregulated via the Rad53-dependent inhibition of the Nrm1 corepressor (Travesa et al. 2012; Bastos de Oliveira et al. 2015) .
Upregulation of dNTP pools
Intracellular levels of dNTPs, the building blocks of DNA, are tightly controlled during the cell cycle (Elledge et al. 1993) . The expression of genes encoding components of ribonucleotide reductase (RNR), an enzyme catalyzing a rate-limiting step of dNTP biosynthesis, has been shown to be transiently stimulated during S phase (Chabes et al. 2003) . The regulation of dNTP concentrations is controlled by the Dun1 kinase, which is activated by Rad53 and Mec1, even in the absence of DNA damage. This has been revealed with the discovery of Sml1, an allosteric inhibitor of RNR (Desany et al. 1998; Zhao, Muller and Rothstein 1998) . Remarkably, deletion of the SML1 gene increases RNR activity and suppresses the lethality of rad53 and mec1 mutants (Desany et al. 1998; Zhao, Muller and Rothstein 1998; Liu et al. 2003) . Phosphorylation of Sml1 by Dun1 upon S phase entry and DNA damage induction directs it for degradation (Zhao et al. 2001; Zhao and Rothstein 2002) . Dun1 also triggers the degradation of another factor called Dif1 to allow RNR assembly (Lee et al. 2008; Wu and Huang 2008) . Finally, Dun1 controls dNTP biosynthesis at the gene expression level by inhibiting the Crt1 repressor of RNR genes (Huang, Zhou and Elledge 1998) . Rad53 also controls the expression of Rnr1 through the regulation of the transcription factor Ixr1, independently of Dun1 (Tsaponina et al. 2011) . All these layers of regulation protect the genome integrity as deregulated dNTP pools affect fork progression, increase mutagenesis and promote chromosome instability (Chabes et al. 2003; Poli et al. 2012; Watt et al. 2016) . In response to DNA damage, RNR genes expression is specifically induced to upregulate dNTP pools (Chabes et al. 2003; Moss et al. 2010) . It was first shown that overexpressing RNR1 or RNR2 genes could not suppress the lethality of mec1 and rad53 mutants when exposed to genotoxic agents (Desany et al. 1998) . However, overexpressing several RNR genes, including RNR2 and RNR4, markedly increased the viability of rad53 mutants exposed to HU (Morafraile et al. 2015) , demonstrating that the neosynthesis of RNR subunits is an essential function of the S-phase checkpoint for cell survival upon HU-induced arrest of replication forks.
Preservation of replication fork function
The second essential function of the S-phase checkpoint to maintain viability under replication stress conditions is to preserve the ability of forks to synthesize DNA after exposure to a genotoxic stress. This was first shown in cells exposed to MMS, in which replication terminated irreversibly in the absence of the checkpoint kinases Mec1 or Rad53, even after removal of the drug (Tercero and Diffley 2001) . Similarly, rad53 cells treated with HU cannot resume replication after removing the drug (Morafraile et al. 2015) . This is consistent with the fact that rad53 mutants exposed to HU accumulate pathological structures resembling broken forks (Lopes et al. 2001) . Further characterization of the replication intermediates by electron microscopy revealed the presence of ssDNA gaps and reversed forks, suggesting that arrested fork are irreversibly damaged in the absence of a functional checkpoint (Sogo, Lopes and Foiani 2002) . Moreover, chromatin immunoprecipitation experiments revealed that HU-treated mec1 and rad53 mutants lose replisome components from replicating sites (Cobb et al. 2003 Katou et al. 2003; Rossi et al. 2015) . These results suggest that the DDR is required to prevent the disassembly of the replication machinery at paused forks. However, purification of replisome complexes in mec1 and rad53 checkpoint mutants exposed to HU revealed that intact replisomes remain attached to chromatin and may therefore move away from sites of DNA synthesis (Katou et al. 2003; De Piccoli et al. 2012) . Although the molecular mechanisms involved are unclear, these data support the view that a key function of the S-phase checkpoint is to maintain the replisome's ability to resume DNA synthesis once the stress is relieved (Cortez 2015) .
An important challenge for the future is to identify the key components of the replisome that are targeted by Mec1 and Rad53 to prevent irreversible fork inactivation. Many forkassociated factors have been identified as Mec1 and/or Rad53 targets in phosphoproteomic screens (Smolka et al. 2007; Chen et al. 2010; Bastos de Oliveira et al. 2012; Zhou et al. 2016) but only a subset of these phosphorylation events have been characterized at the functional level. Among them are two subunits (Rfa1 and Rfa2) of the RPA complex, which is critical for Mec1 recruitment at stalled replication forks (Brush et al. 1996; Brush and Kelly 2000; Bartrand, Iyasu and Brush 2004) . However, the phosphorylation of RPA by Mec1 in yeast does not seem to have a role in the checkpoint response (Bastos de Oliveira et al. 2015; Ghospurkar et al. 2015) . Other replisome components targeted by Mec1 and Rad53 include the Mrc1 and Tof1 subunits of the FPC, the DNA polymerases α, ε and δ, Ctf4 and the MCM-GINS helicase complex (Alcasabas et al. 2001; Smolka et al. 2007; Chen et al. 2010; Randell et al. 2010; De Piccoli et al. 2012) . The importance of these phosphorylations in the preservation of the replisome function remains unclear and further work is needed to identify the critical targets of Mec1 and Rad53 at stalled forks.
Inhibition of HR
Other checkpoint targets are proteins involved in DNA repair by HR. These phosphorylation events likely prevent undesired recombination at damaged or stalled forks. This is consistent with the fact that Mec1 prevents the formation of repair foci containing the central recombination factor Rad52 when cells are exposed to HU (Lisby et al. 2004) . In cells exposed to MMS, Rad52 foci formation does not occur in S phase but is restricted to G 2 /M by Mec1 and Rad53 (Alabert, Bianco and Pasero 2009; GonzalezPrieto et al. 2013) . Interestingly, DNA end resection at DSBs has been shown to be slower when the S-phase checkpoint is activated in cells treated with HU or MMS (Alabert, Bianco and Pasero 2009; Barlow and Rothstein 2009) . The resection of DNA 5 ends is a critical step in the initiation of HR and is carried out by the alternative action of the DNA nuclease Exo1 and the DNA nuclease/helicase complex Dna2/Sgs1 (recently reviewed in Cejka 2015). Interestingly, Exo1 seems to be negatively regulated by the Mec1-and Rad53-dependent phosphorylation in response to DNA damage (Morin et al. 2008) . The absence of Exo1 suppresses the irreversible replication arrest in rad53 cells exposed to MMS (Segurado and Diffley 2008) and partially rescues the fork restart defect in cells exposed to HU (Morafraile et al. 2015) . Exo1 has also been shown to be responsible for the accumulation of ss-DNA at HU-arrested forks in rad53 cells (Cotta-Ramusino et al. 2005) . Dna2 is also a target of the replication checkpoint and its phosphorylation counteracts fork reversal (Hu et al. 2012) . Finally, Sgs1 is a target of Mec1 and its helicase activity is important for replication fork stability (Cobb et al. 2003 Bjergbaek et al. 2005 ). More recently, several studies proposed that the persistence of Rad9 at DNA damage sites inhibits both Exo1 and Dna2/Sgs1 resection pathways in a Rad53-dependent manner (Lazzaro et al. 2008; Clerici et al. 2014; Bonetti et al. 2015; Gobbini et al. 2015; Dibitetto et al. 2016) . Together, these data point out at a negative regulation of DNA end resection by the S-phase checkpoint kinases in order to suppress recombination when forks are challenged during the replication process (Tsang et al. 2014) . This regulation appears critical to preserve the integrity of stalled forks. Paradoxically, HR is also positively regulated by the checkpoint (Carr and Lambert 2013; Prado 2014) . For instance, Sae2, another factor involved in the resection of DSB ends, is phosphorylated by Mec1/Tel1 in response to DNA damage and this phosphorylation event is required for proper recovery from checkpoint-mediated cell cycle arrest and repair (Baroni et al. 2004) . Therefore, this positive regulation of HR by the checkpoint is likely required for the repair of damaged DNA after the completion of the S phase as well as for the restart of stalled or inactivated replication forks once the stress is relieved.
DDC AND DRC: REDUNDANT OR COMPLEMENTARY ROLES IN S PHASE?
As discussed above, yeast cells have evolved two distinct checkpoint pathways to respond to replication stress. These pathways converge on Rad53, which raises the question of the specificity and the redundancy of the DDC and the DRC in S phase. It has been reported that the pattern of Rad53 phosphorylation depends on the genotoxic agent used to activate it (Smolka et al. 2005; Sweeney et al. 2005) . This suggests that depending on the insult, different phosphointerfaces can be created by Rad9 and Mrc1 to modulate the target specificity of Rad53 (Pellicioli and Foiani 2005) . This view is supported by the fact that Mrc1 is dispensable to signal DNA lesions and that Rad9 is unable to repress late-firing origins in the absence of Mrc1 (Crabbe et al. 2010) . However, this apparent dichotomy may reflect differences in the kinetics of DDC and DRC activation, rather than intrinsic differences in Rad53 activity. Indeed, Mrc1 travels with the replisome and is therefore ideally positioned to sense replication stress and rapidly activate Rad53 upon fork arrest (Katou et al. 2003; Tercero, Longhese and Diffley 2003; Lopez-Mosqueda et al. 2010; Zegerman and Diffley 2010) . In contrast, the recruitment of Rad9 to stalled forks depends on the formation of specific DNA structures and requires high CDK activity (Pfander and Diffley 2011) , which is lower at the beginning of S phase. The activation of the DDC vs DRC may therefore depend primarily on the type of damage leading to fork arrest. Genotoxic drugs such as HU and MMS have been widely used in yeast cells to mimic conditions that challenge DNA replication and have proved very useful to unravel the molecular determinants of S-phase checkpoint activation.
HU inhibits the activity of the RNR enzyme (Nyholm, Thelander and Gräslund 1993) and thus induces a depletion of the dNTP pools, leading to the slowdown of the DNA polymerases (Poli et al. 2012) . It is generally believed that the DRC is activated by the uncoupling between replicative helicase and DNA polymerases, which exposes an excess of RPA-coated ssDNA at arrested forks. This model is largely based on in vitro studies in Xenopus egg extracts (Byun et al. 2005) . However, this uncoupling between helicases and polymerases does not occur in HUtreated Saccharomyces cerevisiae cells (Nedelcheva et al. 2005) . It is therefore likely that excess ssDNA at HU-arrested forks results from the nucleolytic degradation of nascent DNA by Exo1 (Sogo, Lopes and Foiani 2002; Cotta-Ramusino et al. 2005) rather than from uncoupling between helicases and polymerases. Although extensive fork resection is not essential for Mec1 activation, this may boost the checkpoint response. Uncoupling between helicases and polymerases is prevented by Mrc1, which bridges Mcm6 to the DNA polymerase ε (Lou et al. 2008; Komata et al. 2009 ). Mrc1 may therefore act as a sensor of replication stress by monitoring the tension between the replicative helicase and polymerases. Together with Tof1 and Csm3, Mrc1 also prevents the uncoupling between the replisome at sites of DNA synthesis in HU, which is critical to maintain the ability of arrested forks to resume DNA synthesis (Katou et al. 2003) . Remarkably, tof1 mutants are also unable to stabilize the replisome in the absence of HU (Tourriere et al. 2005) but unlike mrc1 mutants, they are partially proficient for DRC activation (Crabbe et al. 2010) . They are much less sensitive to HU than mrc1 mutants because they are able to preserve a subset of late origins from which to complete DNA replication once the stress is relieved (Tourriere et al. 2005) . Together, these data indicate that the ability of cells to rapidly repress late origins is critical in response to dNTP shortage, especially in mutants with unstable forks. This function is essentially executed by the DRC, as the activation of the DDC is too slow to repress late origins (Crabbe et al. 2010) . Interestingly, Rad9 accumulates at stalled forks in mrc1 cells exposed to HU (Katou et al. 2003) and the induction of DSBs before the G 1 /S transition is sufficient to induce a Rad9-dependent repression of late origins in the absence of Mrc1 (J. Bacal and P. Pasero, unpublished results). These data indicate that the repression of late origins in HU depends more on the kinetics of Rad53 activation than on the mediator used to activate it (Fig. 3) . They also indicate that Rad9 can at least partially substitute for Mrc1 (Alcasabas et al. 2001; Katou et al. 2003; Osborn and Elledge 2003) , presumably to maintain the integrity of arrested forks. This is consistent with the fact that cells mutated for both MRC1 and RAD9 have a greater loss of viability compared to single mutants when exposed to HU (Osborn and Elledge 2003) .
MMS creates bulky lesions by alkylating DNA and creating DNA adducts that interfere with fork progression (Tercero, Longhese and Diffley 2003; Vazquez, Rojas and Tercero 2008) . MMS-induced lesions are continuously repaired by the base excision repair (BER) pathway and the absence of BER dramatically affects the replication fork progression (Vazquez, Rojas and Tercero 2008) . These lesions can also be bypassed by the DNA damage tolerance pathway (Xiao, Chow and Rathgeber 1996) , leaving ssDNA gaps behind the forks, which are repaired in late S/G2 phase by translesion synthesis and HR (Vazquez, Rojas and Tercero 2008; Daigaku, Davies and Ulrich 2010; Gonzalez-Prieto et al. 2013) . The recombination factors Rad52 and Rad51 are required for the normal progression of replication forks in cells exposed to MMS but do not seem to be involved in recombination reactions in the S phase (Vazquez, Rojas and Tercero 2008; Gonzalez-Prieto et al. 2013) . This may reflect the antagonistic role of recombination proteins on DNA resection mediated by nucleases at stalled replication forks, as described in mammalian cells (Hashimoto et al. 2010; Schlacher et al. 2011; Gonzalez-Prieto et al. 2013) . Intriguingly, the presence of excess ssDNA at replication forks has not been detected by electron microscopy in yeast cells treated with MMS (Lopes, Foiani and Sogo 2006) . Nevertheless, late origins are efficiently repressed by the DRC (Tercero and Diffley 2001; Tercero, Longhese and Diffley 2003) . Under these conditions, Mrc1 may directly sense replication problems to activate Rad53, regardless of the amount of ssDNA present at MMS-arrested forks. Interestingly, mrc1 cells are not sensitive to MMS (Osborn and Elledge 2003) and the repression of late-firing origins is not essential for cell viability in cells exposed to MMS (Tercero, Longhese and Diffley 2003) , suggesting that the DRC pathway is dispensable for viability in these conditions. In contrast, the Rad9-dependent activation of the DDC is crucial for resistance to MMS, presumably because it promotes the bypass of DNA lesions and prevents the overresection of ss-DNA gaps left behind the replication forks. The eviction of Rad9 in late S/G2 phase, probably through the Rtt107-Slx4 dampening pathway, would allow DNA repair by HR (Lazzaro et al. 2008; Gonzalez-Prieto et al. 2013; Clerici et al. 2014; Bonetti et al. 2015; Gobbini et al. 2015; Dibitetto et al. 2016) . Recombination intermediates accumulate at replication forks in sgs1 mutants exposed to MMS (Liberi et al. 2005) . The accumulation of these recombination intermediates may not be solely the consequence of the lack of Sgs1 repair activity to process them but it may also reflect the function of Sgs1 as a mediator of the DRC in response to MMS. Moreover, MMS-induced Rad53 activation is only abolished in the absence of both Mrc1 and Rad9 (Osborn and Elledge 2003) or Sgs1 and Rad9 (Nielsen et al. 2013) . Finally, Mrc1 has been shown to inhibit the resection of DSBs and HR in response to MMS (Alabert, Bianco and Pasero 2009) . Altogether, these data suggest that the DRC complements the DDC by repressing the late-firing origins and inhibiting HR in yeast cells exposed to MMS.
CONCLUSION
The recent studies discussed in this review indicate that the S-phase checkpoint goes 'belt and braces' in budding yeast by combining the use of two checkpoint mediators with different properties. Rad9 acts as a bona fide mediator of the DDC by recruiting Rad53 to sites of DNA damage and by promoting its activation by Mec1 and its autophosphorylation. In contrast, Mrc1 is a fairly inefficient checkpoint mediator. Its function is restricted to the S phase and it requires the presence of other factors such as Sgs1, RFC Ctf18 and pol ε to activate the DRC (Figs 1 and 2) . As a consequence, Mrc1 activates Rad53 only when a large number of forks are arrested simultaneously and is unable to maintain this activation for a long period of time in the absence of Rad9 (J. Bacal and P. Pasero, unpublished observations). Another important finding is that Rad9 and Mrc1 do not seem to control the target specificity of Rad53. The picture that emerges is that the main difference between DDC and DRC lies in the kinetics of Rad53 activation. Rad53 is rapidly but transiently activated through the DRC as it requires a critical number of arrested forks. In contrast, Rad53 activation is slow but sustained when it occurs via the DDC (Fig. 3) . Indeed, it depends on the processing of DNA lesions, the production of RPA-coated ss-DNA with junctions and the CDK-dependent phosphorylation of Rad9. The combination of these two subpathways renders the S-phase checkpoint extremely versatile by combining shortterm (repression of late origins, upregulation of dNTP pools, preservation of arrested forks function) and long-term (repression of HR, prevention of mitotic entry, regulation of fork restart) responses.
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